Abstract-Arctic sea ice motion for the period from October 1999 to March 2000 derived from QuikSCAT and special sensor microwave/imager (SSM/I) data using the wavelet analysis method agrees well with ocean buoy observations. Results from QuikSCAT and SSM/I are compatible when compared with buoy observations and complement each other. Sea ice drift merged from daily results from QuikSCAT, SSM/I, and buoy data gives more complete coverage of sea ice motion. Based on observations of six months of sea ice motion maps, the sea ice motion maps in the Arctic derived from QuikSCAT data appear to have smoother (less noisy) patterns than those from NSCAT, especially in boundary areas, possibly due to constant radar scanning incidence angle. For late summer, QuikSCAT data can provide good sea ice motion information in the Arctic as early as the beginning of September. For early summer, QuikSCAT can provide at least partial sea ice motion information until mid-June. In the Antarctic, a case study shows that sea ice motion derived from QuikSCAT data is consistent with pressure field contours.
I. INTRODUCTION

Q
UIKSCAT, a "quick recovery" mission to fill the gap created by the loss of data from the NASA Scatterometer (NSCAT), when the ADEOS-1 satellite lost power in June 1997, was launched on June 19, 1999. QuikSCAT is an active sensor, and the sensor footprint is an ellipse km km. In both the Arctic and the Antarctic regions, repeated footprints of the satellite make it possible to construct QuikSCAT images with a 12.5 km grid and finer resolution (e.g., see [1] ). In this paper, the daily (estimated over a four-day sliding window for the Arctic and over a one-day sliding window for the Antarctic) sea ice motion derived from QuikSCAT using an ice-tracking algorithm based on wavelet transform is demonstrated, and the applications of the daily sea ice motion are indicated. The uncertainty of QuikSCAT-derived sea ice motion is determined from validation with those from in situ buoy data and Defense Meteorological Satellite Program (DMSP) special sensor microwave/imager (SSM/I) observations during the same period of time. The instrument differences between QuikSCAT and NSCAT lead to significantly different spatial and temporal sampling characteristics, and it is for this reason that QuikSCAT ice motion validation is required. NSCAT is a fan-beam scatterometer with fixed azimuth but variable incidence, while QuikSCAT has fixed incidence and variable azimuth. Satellite observations provide more complete and routine coverage of polar region than observations from any other means, and they have been used by several authors in deriving polar sea ice drift (e.g., see [2] and references cited there). The efficiency and utility of wavelet transform in analyzing nonlinear dynamical ocean systems has also been documented in several papers ( [2] and references cited there). In Section II, wavelet analysis for ice feature tracking and sea ice motion from QuikSCAT and SSM/I data are presented. Wavelet analysis results from QuikSCAT and SSM/I are compared with the ice motion derived from buoys for validation in Section III. Section IV deals with the potential application of QuikSCAT data in summer ice tracking. Section V is devoted to a sea-ice-tracking case study for the Antarctic using QuikSCAT data. The results and applications of satellite-derived sea ice motion are discussed and summarized with previous NSCAT and SSM/I data in the final section.
II. WAVELET ANALYSIS OF SATELLITE IMAGES
A sea-ice-tracking procedure based on wavelet transform of satellite data and its error analysis have appeared in [2] - [4] . The effect of wavelet transform is a bandpass filter with a threshold for feature detection. For the details of the procedure, we refer readers to [2] - [4] . In this study, the same procedure is applied to QuikSCAT and SSM/I data with a few modifications. For the Arctic, QuikSCAT images with 12.5 km pixel size are first constructed from QuikSCAT Level 2A data, and SSM/I images are obtained from SSM/I compact discs. QuikSCAT Sigma-0 data has an incidence angle either around 54.24 ( -polarization) or around 46.44 ( -polarization) within . Only -polarization Sigma-0 data with an incidence angle around 54.24 are used in the construction of QuikSCAT images because of its better coverage. Areas indicated by sea ice flags in QuikSCAT data as land, open ocean, or no-data areas are masked in the images. For the Antarctic case study, the QuikSCAT data are processed with a scatterometer image reconstruction (SIR) resolution enhancement algorithm to a pixel resolution of 4.45 km from QuikSCAT Level 1B data [1] , and sea ice extent is determined using the method of [5] . The QuikSCAT design specifications for location accuracy requirements are 25 km (rms) 0196-2892/02$17.00 © 2002 IEEE absolute and 10 km (rms) relative. However, the actual performance is currently estimated to be better than 6 km (rms) absolute and less than 1 km (rms) relative with bias dominating the total error [6] . Thus, QuikSCAT has very high precision measurement locations, far exceeding its design specifications and enabling the application of resolution enhancement algorithms. For both cases, wavelet transform is then applied to the satellite image at various scales to separate various ice textures or features. In the Arctic, two tracking regions are considered: coast/bay for fast ice motion (with a two-day sliding window), and central Arctic for slow ice motion (with a four-day sliding window). Template matching is performed with the results from the wavelet transform of the images between day 1 and day 5 for the central Arctic and between day 2 and day 4 for the coast/bay. In the Antarctic, template matching is performed with the results from the wavelet transform of the images between day 1 and day 2. For both cases, velocities are estimated by dividing the displacement over the time interval. Finally, the sea ice drift map can be merged by block average with outlier filtering. The outlier filtering after block average is performed as follows: at any location, the mean velocity of nine neighboring ice velocities is computed. If the angle between the mean ice velocity and the ice velocity at the location is bigger than a certain degree, then the ice velocity at the location is discarded. Fig. 1 (a) and (b) show sea ice drift maps of the Arctic Ocean for November 5, 1999, derived from SSM/I and QuikSCAT data, respectively, where thin white arrows indicate velocities derived from satellite data, while thick white arrows indicate velocities derived from buoy data. Two circulation patterns-one in the Beaufort Sea and the other across the Chukchi, Beaufort, and Laptev Seas-are clearly observed in the maps. The ice motion converges in an area between the Chukchi Sea and the Beaufort Sea. Notice that velocities derived from both QuikSCAT and SSM/I data agree well with those from buoy data. Wavelet transform scales used in deriving these images from QuikSCAT and SSM/I data are based on parameter study and testing and are 1.0, 2.42, and 2.828. The resultant ice velocities have been block averaged to a km km grid with outlier filtering. The empty areas with no velocity in the map indicate the regions where the tracking procedure cannot be used, since no matching templates between the time periods can be determined. Clearly, the ice motion maps derived from QuikSCAT and SSM/I data for November 5, 1999 are complementary to each other. The regions without ice velocity data from QuikSCAT and SSM/I are generally not colocated, since the QuikSCAT and SSM/I data correspond to different physical features: surface roughness and brightness-temperature anomalies, respectively. For the period from October 1999 to March 2000, based on the observations of sea ice motion maps, the patterns of motion from QuikSCAT appear smoother than those from SSM/I.
III. DATA COMPARISONS
Liu et al. [2] has made a detailed quantitative comparison between the ice drift derived from NSCAT and SSM/I, with those from buoy data for November and December, 1996. They found that ice drift derived from NSCAT or SSM/I agreed well quantitatively with those from buoy data. Following their approach, in this paper we compared QuikSCAT-and SSM/I-derived ice velocities with buoy data in the same period. Section VI discusses and summarizes a six-month data comparison between QuikSCAT, NSCAT, and SSM/I with buoy-derived ice drift.
To quantitatively compare the ice drift derived from QuikSCAT and SSM/I data with buoy data, for each ice velocity derived from buoy data, the closest (within 50 km) satellite-derived ice velocity is identified. Since the pixel sizes of both QuikSCAT and SSM/I images for the Arctic are 12.5 km, and since a four-day sliding window is used in the ice-tracking procedure, the minimum discernable displacement is 6.25 km in four days, or 1.8 cm/s, and the maximum displacement error due to the resolution is 6.25 1.414 km in four days, or 2.5 cm/s. The uncertainty of sea ice tracking from satellite data also includes other factors, such as the displacement noise due to the grid cell size quantization (see [2] , [8] , [9] for more detail). Moreover, ice velocities derived from satellite data have larger direction errors for slowly moving sea ice features because location errors of end-points have more significant effects for shorter displacement vectors [2] . Therefore, buoy-derived ice velocities with speed less than 2 cm/s are not included in the comparison. The root mean square of the speed and direction differences between all buoy-derived velocities with speed greater than 2 cm/s and their corresponding QuikSCAT-or SSM/I-derived velocities are computed for November and December, 1999.
The root means square of the speed difference between buoy-derived ice velocities with speed greater than 2 cm/s and their corresponding QuikSCAT-derived ice velocities for November and December, 1999, is 2.32 cm/s with 489 data points, as shown in Fig. 2 . The proximity of the linear fit to the dashed line (the ideal fit) shows that there is an extremely good match for speed. The rms direction difference is 29.82 . This comparison result is consistent with the one between buoy-derived and NSCAT-derived ice velocities for November and December, 1996 in [2] . Fig. 3 shows that the rms of the speed difference and the rms of the direction differences between buoy-derived ice velocities and SSM/I-derived ones for November and December, 1999 are 2.27 cm/s and 35.46 , respectively, with 410 data points. This comparison result is also consistent with the one between buoy-derived and SSM/I-derived ice drift for November and Decembe, 1996 in [2] . Note that the comparison results between QuikSCAT and buoy and between SSM/I and buoy are comparable, although the rms of the direction differences between SSM/I-derived and buoy-derived ice velocities is slightly larger than between QuikSCAT and buoy.
Since the ice velocities derived from QuikSCAT and SSM/I are comparable and complement each other, the three ice drift results from QuikSCAT, SSM/I, and buoy can be merged to generate composite maps with more complete coverage of sea ice motion. Fig. 4 shows a merged sea ice motion map for November 5, 1999. Clearly, the merged sea ice motion map has more complete coverage of sea ice motion than Fig. 1(a) and (b). In merging sea ice velocities derived from QuikSCAT, buoy, and SSM/I, buoy-derived ice velocities are merged with their closest satellite-derived ice velocities (they are usually not in the same locations), and a weighted-average has been applied with weights of , and assigned to QuikSCAT, buoy, and SSM/I, respectively. The assigned weights are based on the estimated uncertainties for each instrument (e.g., rms values). The time series of the merged daily sea ice drift maps for the period from October 1999 to March 2000 (not shown) indicates that the ice motion field changes significantly for every four to seven days.
IV. SUMMER ICE TRACKING IN THE ARCTIC
During the Arctic summer, because of melting and ponding, two sequential daily satellite images may appear very different in their numbers of features and their sizes and shapes. Therefore, feature tracking based on finding common features in two sequential images is difficult during the summer months. However, in early summer, before melting becomes very rapid and in late summer when sea ice melting slows down and a new sea ice is beginning to form, QuikSCAT is capable of providing sea ice motion information using the wavelet-transform-based ice-tracking procedure. Fig. 5 shows the sea ice motion map derived from QuikSCAT data for September 2, 1999. The sea ice motion pattern from QuikSCAT agrees quite well with sea ice drift derived from buoy data, although there are some empty areas in the map. For September, 1999, the rms of the speed differences between QuikSCAT-derived and buoy-derived ice velocities is 3.80 cm/s with 245 data points, and the rms of the V. ANTARCTIC CASE Wavelet-transform-based ice tracking has been used to derive sea ice motion in the Antarctic using SSM/I data [3] . As a case study, this procedure is applied to QuikSCAT data to derive sea ice motion in the Antarctic on October 4, 1999. In the Antarctic, sea ice tracking is much more difficult than in the Arctic because most of the sea ice cover is formed of smooth first-year ice with only a few small-scale and short-lived features to track. Since around the Antarctic continent the sea ice is free to drift without a land boundary, the sea ice variability and motion in the Antarctic are generally much larger than in the Arctic basin. Therefore, to track the ice texture and resolve the ice drift velocity, QuikSCAT egg images of the Antarctic with a resolution of 4.45 km through enhanced processing by the Scatterometer Climate Record Pathfinder (SCP) project at Brigham Young University, UT, [7] together with a one-day sliding window, are used to obtain better results. Since there is insufficient data to perform a comprehensive validation in the Antarctic, sea ice velocities derived from QuikSCAT data in the Antarctic on October 4, 1999 are compared with mean sea level pressure field contours derived from National Oceanic Atmospheric Administration (NOAA) National Center for Environmental Prediction-National Center for Atmospheric Research (NCEP-NCAR) Climate Data Assimilation System 1 (CDAS-1) daily intrinsic mean sea level pressure data of the same day as shown in Fig. 6 , where white arrows are the sea ice velocities and pressure field contours are drawn in black. Note that the sea ice motions derived from QuikSCAT data, in general, are well correlated with pressure field contours. Therefore, in the Antarctic, the wavelet-transform-based ice-tracking procedure is capable of sea ice tracking.
VI. DISCUSSION
To further examine satellite-data-derived sea ice motion, Table I summarizes some six-month comparison results of sea ice motion derived from SSM/I, NSCAT, and QuikSCAT with those derived from buoy data for different periods. For all comparison periods, the rms of the speed differences between buoy-derived ice velocities and satellite-derived ones are all under 3 cm/s, and the rms of the direction differences between them are around 30 . Moreover, all satellite-derived sea ice motion data sets are consistent and comparable.
It is clear that sea ice motion products derived from SSM/I, NSCAT, and QuikSCAT data have very good quantitative agreements with the ice motion products derived from buoy data. But, the sea ice motion products derived from NSCAT and QuikSCAT data are slightly more accurate than that derived from SSM/I data because both NSCAT and QuikSCAT are active sensors and do not suffer from cloud and atmospheric effects. Also, the results from NSCAT and QuikSCAT are very consistent. The rms of the direction difference between NSCAT-derived and buoy-derived ice drift for the period from October, 1996 to March, 1997 is slightly better than that between QuikSCAT-derived ice velocities and buoy-derived ones for the same winter period in 1999 and 2000. But keep in mind that the rms are for two different periods and that the ice motion in the central Arctic during winter 1999 has a very slow motion, and so the ice-tracking results are less accurate. In fact, based on the observations, the ice motion maps from QuikSCAT data appear to have smoother patterns than those from NSCAT, especially in boundary areas, e.g., in the Kara and Barents Seas where there is no buoy for comparison. The smoother patterns may be due to the fact that QuikSCAT data have constant scanning incidence angles, eliminating a potential error associated with incidence angle correction associated with the construction of satellite images and thus minimizing noise and tracking error. The comparison suggests that merged sea ice motions from QuikSCAT, SSM/I, and buoy data are suitable for the computation of deformation. A method for computing and comparing divergence and shear at the large scale between buoys and SSM/I has been developed by [10] , and the minimum rms difference for deformation are found to scale with the temporal and spatial uncertainties of the SSM/I, suggesting that even better results can be achieved with higher-resolution instruments such as AMSR (advanced microwave scanning radiometer).
